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Abstract:  
In this study, rheological behavior and drag reduction (DR) efficiency of various 
polymer solutions were investigated. The studied polymer solutions included anionic 
polyacrylamide (HPAM), xanthan gum (XG), guar gum (GG) and binary 
polyacrylamide/polysaccharide mixtures. Polyacrylamide is a long-chain flexible 
molecule, which acts as an efficient drag reducer in the solution. Mechanical degradation 
at turbulent flow is a drawback associated with polyacrylamide, which results in DR 
decline. Guar gum and xanthan gum are known to exhibit DR properties and high 
resistance to shear degradation. In this research, the DR behavior of polymer solutions 
were investigated in closed flow loop and rheological characterization was utilized to 
assess the flow properties of the solutions. Initially, the DR behaviors of single polymer 
solutions were determined. It was found that concentration directly effected viscosity and 
DR efficiency of the polymer solutions. Among the studied HPAM solutions, the greatest 
efficiency belonged to 1000 wppm solution (68%). All HPAM solutions suffered from 
mechanical degradation and loss DR efficiency. On the other hand, both XG and GG 
solutions exhibited good resistance to shear degradation (< 5% decline). DR efficiency of 
the solutions were in the following order: HPAM > XG > GG. In order to benefit from 
the advantages of both polymer types, binary polyacrylamide/polysaccharide solutions 
were prepared and tested. No synergism was observed in HPAM/GG solutions even at 
high concentration (C = 1150 wppm). Dilute HPAM/XG solutions (C < 300 wppm) 
initially exhibited greater DR efficiency (40% and 55%) than XG solutions, but due to 
shear degradation, DR% declined. Increasing the concentration of XG in binary 
HPAM/XG solutions (C > 300 wppm), improved both DR efficiency and shear stability 
(6-8% decline after shearing for 2 hours) of the solutions. Another issue associated with 
HPAM is the sensitivity to the presence of salt ions in the solution. Addition of 2% KCl 
in the solution reduced the DR% of 1000 wppm solution from 68% to10%. The effect of 
salt on concentrated HPAM/XG solutions was verified. It was found that presence of XG 
in binary solutions reduced the negative effect of salt ions on HPAM molecules. 
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CHAPTER I 
 
 
INTRODUCTION 
1.1 Review of literature  
	
1.1.1 Hydraulic fracturing fluids 
Oil and gas production from unconventional resources has played an important role in supplying 
the energy of the United State in recent years [1-3]. Hydraulic fracturing has released the 
potential of hydrocarbon production from unconventional reservoirs, such as coal-bed methane, 
tight gas, and shale gas formations [4]. Shale formations are complicated resources with natural 
fractures. It is believed that the existing natural fractures are blocked by the settlement of 
minerals over time, which is the reason for ultra-low permeability of such reservoirs [1]. In 
hydraulic fracturing treatment of shale formations a network of highly conductive flow paths 
connecting the reservoir to wellbore is created and naturally existing fractures in the rock are 
connected during the operation [5]. The generated fractures enhance the conductivity of the 
reservoir by increasing hydrocarbon production surface area [6]. Achieving an economic rate of 
hydrocarbon production is only possible when micro-fractures are connected and created through 
effective stimulation treatments such as horizontal well fracturing in multiple stages [7, 8].  High 
production rate and low cost make multistage fracturing of horizontal wells a suitable method for 
stimulating reservoirs with low permeability. Using one well to contact and produce large 
portions of the reservoir is a significant benefit that horizontal drilling offers [9]. Another of
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the advantages of horizontal drilling over traditional vertical drilling is the drastically different 
contact between the un-stimulated wellbore and the formation [10].  
Creation of openings in the reservoir rock involves pumping fracturing fluids into the wellbore 
at high flow rate and pressure. The fracturing fluid is usually a complex viscous material that 
carries tiny granular solid particle, called proppant, into the generated fractures to prevent them 
from closing and provide resistance against the stresses from earth’s above layers [6]. Viscosity 
of a fracturing fluid has a remarkable effect on the fracture initiation and the final size of the 
fracture [11]. Based on their viscosities, fracturing fluids can be categorized into two groups. Less 
viscous fluid or ”slickwater”, which was the main fluid of 50’s and 60’s. The main component of 
low viscosity fracturing fluid is water and very low concentrations of polymer. The second type is 
highly viscous gel-based fluid, which is typically 50 - 1000 times more viscous than water [12]. 
Guar gum, in its linear and cross-linked forms, is the oldest water-soluble fracturing fluid. Guar-
based fluids form a filter cake on the faces of the fractures, which is advantageous in preventing 
the fluid leak-off to the adjacent formation. But, in the last decade, an amazing shift towards 
using slickwater has occurred. As an example, outside of the Bakken shale, in more than 80 % of 
fracturing treatments, water and friction reducer is applied as fracturing fluid [5]. 
Because of the relatively low viscosity of slickwater, clean-up problems and damage 
associated with using viscous fluids are minimized, which makes slickwater suitable for 
fracturing low permeability reservoirs [4, 7]. As a result of low viscosity, slickwater cannot 
suspend and transport proppant as effectively as gelled fluids [13]. To overcome poor proppant 
transport, high pumping rate is applied. High flow rate, in turn, leads to significant energy loss 
due to friction and turbulence in the tubular pipeline [4, 14]. In slickwater treatment, friction 
reducer is an important component of the fluid. Polymeric additives are known to achieve friction 
reduction efficiencies up to 80%, even at very low concentrations [15]. Among various friction 
3 
reducers, long chain, flexible polyacrylamide is considered as the most efficient drag reduction 
polymer [7]. 
1.1.2 Drag reduction induced by polymers 
Since its discovery, polymer induced drag reduction phenomenon has found numerous 
applications [15-17]. Some of the important applications of drag reduction include: oil transfer 
pipelines (trans-Alaska pipeline), oil well operations, fire fighting, field irrigation, and transport 
of slurries and suspensions [18]. Lowering pressure drop in pipe flow is a major outcome of 
polymer addition (even at low concentrations) compared to a pure liquid at the same flow 
conditions. The length of the polymer chain, radius of gyration, hydrodynamic volume, 
concentration, and molecular weight are the main properties that influence the drag reduction 
induced by a polymer, with the latter being the most important actor [19].  
The type of the drag reducing agent is important in determining the extent of drag reduction, 
as well. Polymer drag reducers are categorized into flexible and rod-like molecules, regarding 
their molecular structure and mechanical strength. Flexible polymers are high molar mass linear 
molecules like polyacrylamide and polyethylene oxide. These polymer chains undergo 
mechanical degradation at high shear rates such as high pumping rates experienced in slick water 
hydraulic fracturing, which is a significant drawback for practical applications [15]. The second 
group of drag reducers includes rod-like polymers, which are more resistant to shear degradation. 
Naturally occurring polymers such as xanthan gum and guar gum are examples of rod-like 
polymers, which have been used in variety of applications [15].  
Xanthan gum is a high molar mass charged polymer, or polyelectrolyte, which has found 
many industrial applications due to its thickening and friction reduction characteristics [20-23]. 
The molecular structure of xanthan is comprised of a β-1-4-linked glucan backbone with 
negatively charged tri-saccharide side chains (Fig. 1) [24]. Based on the ionic strength of the 
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solution xanthan molecule takes two conformations: the first state is disordered and highly 
stretched (due to the repulsive forces) exerted by charges on the side chains), which occurs at salt 
free solution and the second state occurs in the presence of salt and the conformation is helical. In 
the latter conformation polymer chains are more rigid than the disordered conformation [25-27]. 
 
 
 
 
 
 
Fig. 1.	Molecular structure of xanthan gum [24] 
Guar gum is another water-soluble polysaccharide and in produced from guar seeds. The 
structure of guar gum consists of linear chains of 1,4-linked β-D-mannopyranosyl units with α-D-
galactopyrannosyl units attached by 1,6-links in a ratio of 2:1 (Fig. 2). Similar to xanthan, guar 
solution shows good drag reduction properties [24, 28-32]. Kim et al. [33] suggested that drag 
reduction induced by guar gum is not as effective as polyethylene oxide, but solutions  containing 
guar gum exhibit much superior shear stability than polyethylene oxide solutions. Similar results 
have been obtained by other researchers who also suggest that guar gum induces lower drag 
reduction than either xanthan gum or polyacrylamide, but promises greater resistance to 
mechanical degradation [34, 35]. 
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Fig. 2. Molecular structure of guar gum [28] 
	
A common method for demonstrating drag reduction is Prandtl – Karman coordinates [36], 
which is a plot of 1 𝑓 versus 𝑙𝑜𝑔(𝑅𝑒 𝑓), where f is the fanning friction factor. There are three 
solid lines in the Prandtl-Karman coordinates (Fig. 3) each representing a boundary for drag 
reduction behavior. The first line represents the Poiseuille’s law for laminar flow of Newtonian 
fluids:  
!! = !" !!"                                                                                                                    (1)                                             
 
 
 
 
 
 
 
 
 
Fig. 3. Prandtl-Karman coordinates [29] 
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The second line is Prandtl – Karman law for Newtonian turbulent flow, which describes the onset 
of drag reduction:  
𝟏𝒇 = 𝟒. 𝟎 𝒍𝒐𝒈𝟏𝟎 𝑹𝒆 𝒇 − 𝟎. 𝟒                                                                                (2) 
The upper limit for drag reduction is called “maximum drag reduction asymptote” (MDR) which 
is independent of polymer properties [37]. VirK et al. developed an empirical correlation, which 
defines the MDR as: 
𝟏𝒇 = 𝟏𝟗. 𝟎 𝐥𝐨𝐠𝟏𝟎 𝑹𝒆 𝒇 − 𝟑𝟐. 𝟒   𝒐𝒓     𝒇 = 𝟎. 𝟓𝟖 𝑵𝑹𝒆−𝟎.𝟓𝟖																															(3) 
The area bound between the Prandtl-Karman and MDR lines is where drag reduction 
phenomenon is observed [36, 38].  
The extent of drag reduction in flexible polymers depends on concentration, molecular weight 
of the polymer, and the Reynolds Number [15]. Virk et al. [38] suggested two mechanisms for 
drag reduction induced by polymers. The first mechanism occurs in polymers that are in coiled 
conformation (flexible chains) when they are at rest. As the level of shear force reaches a certain 
level, polymer molecules begin to stretch and hence drag is reduced [39]. Ptasinski et al. [40] 
suggested that as the effective viscosity increased, the thickness of the buffer layer also increased, 
and consequently the flow rate was enhanced. It should be noted that drag reduction phenomenon 
only occurs in turbulent flow regime [39, 41-43].   
The effect of molar mass on drag reduction is displayed in Fig. 4. It can be observed that as 
the molar mass increases, the onset of drag reduction shifts to lower Reynolds Numbers. Also, it 
is observed that the degree of drag reduction is higher for high molar mass polymers. It is 
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believed that higher molar mass molecules absorb turbulent forces through interaction with large 
vortexes [15]. 
 
 
 
 
 
 
 
 
 
Fig. 4. Effect of molar mass on drag reduction 
In the second mechanism, which is typical for rigid polymers, the molecules are already 
stretched and with application of shear force, further stretching or change in the molecular 
conformation does not occur, therefore the onset of drag reduction emerges quickly [15]. Polymer 
concentration has a direct effect on the extent of drag reduction. Although, increasing polymer 
concentration above a certain limit will not result in drag reduction increase (MDR). 
According to the criterion proposed by Hershey et al. [44], the onset of drag reduction occurs 
when the flow time scale of near wall turbulence is shorter than the polymer relaxation time. Two 
theories have been proposed to explain the onset of drag reduction; viscous and elastic [36]. 
According to the viscous theory, the strain rate in the turbulent buffer layer is large enough to 
fully stretch the polymer molecules, which results in an increase in the effective viscosity [45]. 
The increase in effective viscosity dissipates the energy of turbulent fluctuations and thickens the 
turbulent buffer layer and consequently reduces friction [46]. But based on the elastic theory, 
molecules are only partially stretched, therefore the increase in effective viscosity is negligible 
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[47]. As a result of partial stretching elastic energy is stored and when the cumulative elastic 
energy equals the energy of turbulent fluctuations in the buffer layer, the onset of drag reduction 
occurs [48].  
Biopolymers such as high molecular weight polysaccharides exhibit good degrees of drag 
reduction. Rod-like polymers induce smaller drag reduction compared to flexible molecules [49], 
but some industrially used biopolymers such as xanthan gum and guar gum are known to posses 
considerable mechanical stability both in deionized water and ionic solutions [15, 34, 50]. 
Previous studies (Sohn et al. [51]; Kim et al. [34]; Berman et al. [52]) also suggested that drag 
reduction induced by xanthan and other biopolymers depended on concentration and molar mass 
and the effect of Reynolds Number on drag reduction was negligible. It was also observed that 
biopolymers were shear resistant and maintained good level of drag reduction in the presences of 
salt at certain concentrations. 
Flexible and rod-like polymers approach maximum drag reduction differently (Fig. 5). At 
large Re, the mean velocity profile of flexible polymers (open triangles) pursues the MDR line 
until a certain point where the velocity profile deviates and becomes parallel with the Prandtl-
Karman line. For rod-like polymers (solid triangles and open squares), the velocity profile is 
always bound between the two asymptotes and is a function of polymer concentration [53].  
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Fig. 5. Comparison of mean velocity profiles of flexible and rod-like polymers 
 
According to the literature, binary polymer solutions give rise to DR efficiency and shear 
stability. Dingilian et al. [54] investigated the DR behavior of PAM, PEO, and 
carboxymethylcellulose (CMC) single and binary solutions. They observed negative deviation 
from additivity for binary solutions of two flexible polymer molecules (PEO/PAM) and positive 
deviation for PAM/CMC and PEO/CMC binary solutions, where flexible and rigid molecules 
coexisted in the solution. Dschagarowa et al. [55] also observed synergism in the DR behavior of 
poly-isobutylene and l,4-cis-isoprene rubber binary solutions. They also concluded that flow 
conditions could affect the degree of deviation from additivity. Malhorta et al. [56] verified DR 
performance of PAM/GG, GG/XG, and PAM/XG binary solutions and concluded that the degree 
of DR and synergism depended on polymer concentration and flow rate. They also concluded that 
positive deviation in additivity occurred when both polymers were rigid. But, they mentioned that 
their conclusions were limited to their experimental conditions and synergism might be observed 
in many other binary mixtures at higher concentrations. Reddy and Singh [57] verified the same 
binary solutions at higher concentrations (C > 200 wppm) and in a larger experimental setup. 
Contrary to previous authors, they observed negative deviation for PAM/polysaccharide binary 
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solutions. They also verified the shear stability of the polymer solutions and concluded that the 
solutions showing synergism in DR were more shear resistant. Recently Sandoval and Soares [58] 
verified the DR behavior of PAM/XG and PEO/XG binary solutions in a pressure driven flow 
loop. The authors reported clear synergism between polymers. They concluded that the 
improvement observed in the mixed solutions was related to the change of the polymeric 
conformation from coiled to elongated form. Compared to single polymer solutions, limited 
information is found on the drag reduction behavior of binary polymer solutions in the literature. 
On the other hand the existing published research is limited to certain conditions such as small-
scale experimental setups (capillary tube), low flow rates and Reynolds numbers, and certain 
concentrations or molecular weights. Also, some of the available data contradict each other. As 
mentioned above, Reddy and Singh reported a different observation from Sandoval and Soares 
regarding the DR behavior of PAM/XG binary solution, which we believe is due to the 
differences in the experimental setup and the molecular weights of the polymers. 
1.1.3 Shear degradation of polymer molecules 
Mechanical degradation is one of the main drawbacks of using polymers as drag reduction agents. 
In oil-field operations such as treatments of shale formations, the irreversible mechanical 
degradation occurs when molecules pass through pumps, valves, and perforations [50]. 
Polyethylene oxide and polyacrylamide based solutions have been the focus of large number of 
studies and have found many applications due to their low cost and abundance. On the other 
hand, their lower mechanical stability at elevated shear rates limits the scope of their application 
[19]. 
According to Den Toonder et al. [59] when shear force is applied to a solution in a pump or a 
pipe, molecules break, which results in a decline in molecular weight and drag reduction. In a 
turbulent flow regime, due to the interaction with flow vortexes, molecules have to deal with 
extension and rotation. If extensional forces increase to a certain limit, molecular scission occurs. 
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Breakdown of polymer aggregates is another phenomenon that results in drag reduction decline 
[19]. Based on the observations of Liberatore et al. [60] the existence of aggregates in a solution 
could contribute to drag reduction, particularly at low shear rates where chain scission is of less 
significance. Khan et al. [61] found that aggregates formation only occurs for low molar mass 
polymer solutions, however Kim et al. [62] suggested that in the case of high molecular weight 
polymers macromolecular structures only form at very high concentrations (above 3000 ppm), 
which leads to significant enhancement of drag reduction. Hence it can be concluded that 
destruction of macromolecular structures can have an important effect in drag reduction decline at 
high polymer concentrations. 
Polymer degradation can be described by exponential models as suggested by Brostow [63] 
and Bello et al. [64]. The empirical model proposed by Brostow, which has been adapted by 
many research groups, is based on polymer chain scission at midpoint: 
𝑫𝑹(𝒕)𝑫𝑹(𝟎) = 𝟏𝟏!𝑾(𝟏!𝒆!𝒉𝒕)                                                                                   (4) 
	
where DR(t) and DR(0) stand for drag reduction at time t and initial drag reduction, respectively. 
Parameter h is a constant and accounts for the magnitude of the rate of degradation and W stands 
for degree of shear stability [63]. Also a single-relaxation exponential decay function has been 
proposed [64], which is found to describe the degradation of the shear resistant polysaccharides 
and PAM very well.  
𝑫𝑹(𝒕)𝑫𝑹(𝟎) = 𝐞𝐱𝐩 (!𝒕𝝀𝒔)                                                                                    (5) 
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This model deviates from experimental data for drag reducers such as polyethylene oxide, so 
Choi et al. [64] concluded that the single decay function is not a universal model and also is not 
applicable for short periods of drag reduction. 
1.1.4 Effect of salt on the drag reduction behavior of polymer molecules 
Another issue associated with drag reducing additives is sensitivity to the presence of ions in the 
solution [19]. Produced water from underground sources is often used in slickwater treatments, 
which has high concentrations of mono and divalent salts.  Therefore, produced water should be 
treated before use, which is a costly process. Also, the use of fresh water is prohibited in most 
states. One strategy to overcome water shortage problem is to recycle water. But during each 
recycle more salt is dissolved and the hardness of the flowback water increases and since 
common friction reducers are sensitive to salt, recycling cannot always be utilized. The second 
strategy is to use polymers that are resistant to high brine content of produced water [65]. This 
can be achieved by chemically manipulating the polymer chains, which increases the production 
costs of such polymers. 
Salinity and the ionic strength of a solution have great influence on the hydration of polymer 
molecules and consequently their drag reduction performance [65]. It is believed that addition of 
salt results in reduction in the size of polyacrylamide macromolecule and the viscosity of the 
solution [66]. Friction reducers are more sensitive to di and trivalent salts, as they increase the 
ionic strength several times more than monovalent salts [65].  
The behavior of biopolymers in ionic solutions is different from flexible polymers. Depending 
on the concentration of the polymer in the solution, different rheological behaviors can be 
observed. Critical overlap concentrations C* and C** define the transition points from dilute to 
semi-dilute and semi-dilute to concentrated regimes, respectively [67]. Wyatt et al. [68] observed 
that above C** addition of salt increases the viscosity of the xanthan solution significantly. At C 
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> C**, the repulsive forces between salt ions and anions of xanthan molecule resulted in an 
expansion in the entangled chains and formation of a large elastic network. They also concluded 
that changes in viscosity also depended on the size and type of the salt ions [69]. But in dilute (C 
< C*) and semi-dilute (C* < C < C**) solutions of xanthan gum, the presence of salt affected the 
rheological properties of the solution in a different way and resulted in viscosity reduction. 
Previous research showed that, presence of salt increased the rigidity of the molecule and hence 
viscosity was reduced [69]. Wyatt et al. [20] suggested that salinity of the solution did not alter 
the drag reduction capability of xanthan gum at concentrations above its second critical 
concentration, C**. At dilute concentrations presence of salt negatively affected the drag 
reduction capability of xanthan solutions. Gittings et al. [31], investigated the properties of guar 
solutions in the presence of different salts. They concluded that salt did not have a significant 
influence on the rheological behavior of guar solution. 
1.2 Objective and specific aims 
	
This work was focused on investigation of the drag reduction behavior of HPAM/polysaccharide 
binary solutions, emphasizing on improving some of the drawbacks of using HPAM in drag 
reduction applications. In this regard, we followed two main goals: Improving the shear stability 
of HPAM solutions and modifying the drag reduction efficiency of HPAM solutions in ionic 
environments. According to the literature and our preliminary experiments naturally occurring 
polysaccharides displayed promising drag reduction capabilities, as well as, high shear stability 
and low sensitivity to ionic environments. In the present study, we proposed to prepare and 
characterize HPAM/XG and HPAM/GG binary mixtures and assessed their drag reduction 
behavior, in order to increase the shear stability of the solutions, as well as, to decrease the 
sensitivity of the friction reducers to the presence of salt ions in the medium. On the other hand, 
there was a concern about the low drag reduction efficiency of XG and GG compared to HPAM. 
Simultaneous presence of flexible and semi-rigid/rigid polymer molecules in a solution could 
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improve the drag reduction efficiency of XG and GG due to synergic effects. In order to achieve 
improved friction reduction capability via mixed polymer fluids, it was important to study their 
rheological characteristics and compare them with individual polymer solutions. The proposed 
work enabled us to understand the properties of mixed solution and design more efficient friction 
reducers that are used in applications such as hydraulic fracturing. In the proposed study, we 
pursued three specific aims: 
Specific aim I: Preparation and rheological characterization of HPAM/XG and HPAM/GG 
binary mixtures in ionic and non-ionic environments 
In this part of the project, samples of mixed solutions were prepared at different ratios and 
concentrations. Then a full rheological characterization including steady shear test, oscillation 
experiments were carried out and the results were compared to samples of individual polymers.  
Specific aim II: Investigation of the drag reduction behavior of HPAM/XG and HPAM/GG 
binary mixtures  
In specific aim II, we focused on measuring the drag reduction extent of the solutions. Both 
individual and binary solutions at various concentrations were prepared at large quantities. The 
shearing experiments were carried out on the prepared solutions. These experiments included 
shearing friction reduction solutions at different flow rates for short intervals. The data obtained 
were used in determining the friction factor and Prandtl-Karman graphs. Also, the solutions were 
sheared for a 2 hours period at maximum flow rate, in order to verify the shear degradation in 
polymer solutions. During the shearing period, samples were taken from the flowing fluid. Those 
samples were characterized by a rheometer and the results were compared to the results prior to 
shearing 
Specific aim III: Investigation of the drag reduction models for the prepared binary 
mixtures 
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In order to predict the drag reduction behavior of the mixed polymer solutions finding a suitable 
model was necessary. Therefore, the data gathered from the drag reduction experiments were fit 
to the existing drag reduction models, including Brostow’s model [63] and exponential decay 
function [64], in order to predict the drag reduction behavior of polyacrylamide/polysaccharide 
mixed solutions. 
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CHAPTER II 
 
 
RHEOLOGICAL CHARACTERIZATION OF POLYMER SOLUTIONS 
2.1 Introduction 
Rheological characterization is an important step in understanding the flow and drag reduction 
behavior of non-Newtonian fluids such as polymer solutions. Chapter II is focused on an 
introduction to rheological characterization methods as well as characterization of the materials 
used in drag reduction experiments. Rheological characterization experiments included flow ramp 
and oscillatory experiments, which were carried out in a rheometer. The specifications of 
rheological characterization instrument and details of the experiments can be found in the 
materials and methods section (2.2). Information regarding the chemical structures and physical 
properties of the polymers is reported in section 2.2.1. The results from the rheological 
experiments include shear stress and viscosity vs. shear rate profiles as well as the degree of 
viscoelasticity of the polymer solutions, which were used throughout this research in determining 
the critical overlap concentrations, parameters of the viscosity models and etc. Section 2.2.2 of 
this chapter includes an introduction to various rheological characterization methods and their 
importance. In section 2.2.3, the most common viscosity models and their parameters are 
explained. Finally, section 2.3 discusses the results from rheological experiments, correlation of 
the viscosity data, and calculations of critical overlap concentrations. 
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2.2 Materials and methods 
2.2.1 Materials and preparation of polymer solutions 
Anionic polyacrylamide, XG, and GG as linear flexible and rod-like polymer molecules were 
chosen for this investigation. The molecular weights of HPAM (Kemira Co.), XG, and GG (PFP 
Technology) were 6-8×106 kg.mol-1, 4-5×106 kg.mol-1, and 1-2×106 kg.mol-1, respectively (as 
reported by the vendors). The accurate values for molar mass were measured using light 
scattering (for HPAM) and viscometry (for XG and GG) methods. In the light scattering method, 
the solvent was filtered through 0.02 µm cellulose acetate Millipore filters. The HPAM solutions 
were prepared by dissolution of a known amount of polymer in the 0.5 mol L-1 NaCl solvent. The 
solutions were filtered through a 0.45 µm cellulose acetate Millipore filters. The concentration 
range of the polymer solutions (0.2-2.0 g L-1) were analyzed using the batch-mode (without size 
separation) of a MALS detector (DAWN-HELEOS II, Wyatt Technology) with a laser 
wavelength of 658 nm. The specific refractive index increments (dn/dc) value of the HPAM in 
0.5 mol L-1 NaCl solution, which was determined by OPTILAB T-reX differential refractometer 
(Wyatt Technology) at 633 nm and 25 °C, was 0.162 mL/g. Viscosity averaged molecular weight 
of XG was measured using the method described in [70]. In this method the intrinsic viscosity [η] 
was measured via Ubbelodhe capillary viscometer (diameter capillary 0.46 mm, Schott-Gerate), 
immersed in a water bath maintained at 25.0 ± 0.1 °C. First, the specific viscosity ηsp was 
calculated from the relative viscosity, which is the ratio of the viscosity of polymer solution at a 
certain concentration to that of the solvent. Each concentration was measured five times. The plot 
of ηsp/C versus C gave a straight line, the intercept of which was [η]. Then, using the Mark-
Houwink equation the molar mass was calculated: 
η = lim!→! !!"! = 6.6×10!!(M!)!.!"        [ml g]                                                      (6) 
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The measured values for the molecular weights of the polymers, HPAM, XG, and GG were 
7.2×106 kg.mol-1, 3.9×106 kg.mol-1, and 1.8×106 kg.mol-1 respectively. To establish a baseline for 
further studies, deionized water was used throughout. Using an analytical balance polymer 
powders were weighed with an accuracy of  ±1 mg (Mettler Toledo XS603s). The preparation of 
the polymer solutions took place in a separate tank. The polymer powders were gradually 
sprinkled into the solvent and slowly agitated at 30 rpm, in order to prevent particles from 
clumping on the surface. Then, the prepared solutions were stored overnight for complete 
hydration.  
2.2.2 Viscosity models and rheological characterization methods 
Rheology is the science of flow and deformation of matter and flow is a special case of 
deformation. The relationship between stress and deformation is a material property. Therefore, 
rheology is defined as the study of stress – deformation relationship. These fundamental relations 
are called constitutive relations. The simplest relation between force and deformation is called the 
Hooke’s law: 
𝝉 = 𝐆𝛄                                                                                                                               (7) 
where τ is stress, 𝛾 is strain, and G is called the elastic modulus. For liquids, the simplest 
constitutive equation is called Newton’s law of viscosity; the stress is proportional to the rate of 
straining: 
𝝉 = 𝜼𝜸                                                                                                    (8) 
where 𝛾 shear rate and 𝜂, the Newtonian viscosity, is the constant of proportionality. Many 
materials obey ideal laws. For example, most metals or ceramics are Hookean or ideally elastic. 
Gases and most simple molecule liquids like water and oils are Newtonian. But many important 
materials such as polymers, paint, and blood lie between ideal elastic solid and ideal viscous 
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fluid. For these materials (including polymer solutions, emulsions, and concentrated suspensions) 
viscosity can be a strong function of the rate of deformation. 
A large number of models have been developed that are based on strain rate, but all of them 
originate from the general viscous fluid model. The power-law model is the most commonly used 
form of the general viscous constitutive relation: 
𝜼𝒂 = 𝑲(𝜸)𝒏!𝟏                                                                                                          (9) 
where, n (behavior index) is a measure of deviation from Newtonian behavior and K (consistency 
index) is a measure of average viscosity. For Newtonian fluids the value of n is 1 and for shear-
thinning fluids such as polymer solutions n is less than 1. As the value of n deviates from 1, the 
degree of non-Newtonian behavior increases. Nearly all polymer solutions and melts show shear 
thinning behavior. The power-law model provides a good estimate to data from viscosity vs. 
shear rate in the processing range of many polymeric liquids and dispersions. At high shear rates, 𝛾 > 1, the power-law fits the data well [71].  
One of the disadvantages of the power-law model is that it fails to describe the low shear rate 
region. Since n is usually less than one, at low shear rates 𝜂 goes to infinity rather than to a 
constant 𝜂!  (zero shear viscosity), as is experimentally observed. Also, at high shear rates 
Newtonian viscosity behavior is observed for many dilute polymer solutions [71]. 
In order to predict Newtonian regions at both low and high shear rates, Cross [72] proposed a new 
model: 
𝜼!𝜼!𝜼𝟎!𝜼! = 𝟏𝟏!(𝑲𝜸)𝟏!𝒏𝟐                                                                                                (10) 
where η is the shear viscosity, and η0 and η∞ are viscosities at zero-shear and infinite-shear 
plateaus and K is a time constant related to the relaxation time the polymer solution.  
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To fit data even better, Yasuda et al. [73] proposed: 𝜼!𝜼!𝜼𝟎!𝜼! = [𝟏 + (𝝀𝜸)]𝒏−𝟏𝒂                                                                                                (11) 
In Carreau-Yasuda model, λ, n, and a represent the inverse shear rate at the onset of shear 
thinning, power-law index, and transition index, respectively. 
Other viscosity models are found throughout the literature, but the power-law, cross and 
Carreau-Yasuda models have been used in most of the studies. Throughout the present work, non-
linear fitting method was used in order to calculate the viscosity model parameters and to 
correlate the viscosity-shear rate data. The best model was chosen based on the statistical analysis 
of the data fits. 
Viscosity measurements were carried out in a DHR Controlled Stress Rheometer. The 
instrument is equipped with a Peltier system to control sample temperature. In our experiments, 
sample temperature was maintained at 25±0.01 °C and the geometry used in the apparent 
viscosity measurements was cone and plate. The cone diameter and angle were 60 mm and 2°, 
respectively. Approximately, 2 mL of the solution was placed between the cone (rotating plate) 
and the fixed plate and the instrument was set to the strain control mode. In this mode, shear rate 
(𝛾 ) was logarithmically increased from 0.01 to 1000 s-1 and shear stress was measured 
simultaneously, and then apparent viscosity was calculated using 𝜂! = 𝜎 𝛾 correlation, where σ 
and ηa were shear stress and apparent viscosity, respectively. 
Two types of rheological experiments were carried out on polymer solutions: Dynamic 
oscillatory, steady shear tests. Oscillatory shear tests were conducted in order to study the 
viscoelastic response of the materials. The oscillatory tests included strain sweep and frequency 
sweep tests.  Strain sweep tests were conducted prior to dynamic frequency sweep tests to find 
the linear viscoelastic region, where the dynamic modulus is independent of frequency. 
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Frequency sweep tests were performed in the linear viscoelastic region as determined by the 
strain sweep test. The angular frequency range for the dynamic frequency sweep tests was 0.01 to 
100 rad/s.  The measurement temperature for all samples was 25°C (±0.01°C). Steady shear tests 
were used to verify the flow behavior or deformation of a fluid under steady shear condition. The 
data for evaluation of rheological properties was obtained by logarithmically increasing shear 
rate, 𝛾, from 0.001 to 1000 s-1. All measurements were carried out at 25ºC (±0.01ºC).  
For all of the experiments, samples were prepared in triplicate and evaluated on three separate 
sets of experiments. The reported values were averages of the measurements performed on all 
samples, and the errors associated with the measurement were represented as the standard 
deviation of the measurements. 
2.3 Results and discussion 
2.3.1	Steady	shear	test	
In this section the effect of polymer concentration on the rheological behavior of the solutions 
was verified. Therefore, various concentrations of individual and binary polymer solutions were 
prepared and their viscosity profiles were measured via steady shear test. The viscosity profiles of 
various concentrations of HPAM solutions are displayed in Fig. 6. As expected for polymer 
solutions, a shear thinning behavior was observed for all of the HPAM solutions, even at very 
dilute concentrations. Both the zero and infinite rate viscosity plateaus were detected for HPAM 
solutions at 𝛾 < 0.2 s-1 and 𝛾 > 1000 s-1, respectively. It was found that the concentration of the 
HPAM in the solution had a direct influence on the viscosity of the solutions. The largest and 
smallest measured apparent viscosity belonged to 1000 wppm and 80 wppm solutions, 
respectively.  
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Fig. 6. Apparent viscosity profiles of HPAM solutions 
	
In order to obtain more information from viscosity measurements, various viscosity models 
were fit to the measured data. Throughout this work, only Carreau-Yasuda and power-law models 
were reported, beacuse Carreau-Yasuda model gave best predictions and power-law model was 
simple and applicable in the mid-range shear rates. The parameters calculated from curve fitting 
of the viscosity data of HPAM solutions is displayed in Table 1.  
It was observed that as concentration increased the η0 and K values tended to increase, 
indicating that solutions got more viscous. The largest and smallest η0 values belonged to 1000 
wppm and 80 wppm solutions, respectively. Comparison of the viscosity profiles of HPAM 
solutions showed that by increasing concentration from 200 wppm to 300 wppm, a large increase 
in the apparent viscosity of the solutions occurred (from 0.2223 Pa.s to 0.6390 Pa.s). It is believed 
that the observed increase in viscosity was due to the entanglement of the polymer chains.  
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Table 1: Carreau-Yasuda and power-law parameters of HPAM solutions 
 Carreau-Yasuda Power-law 
Concentration 
(wppm) 
η0 
(Pa·s) 
η∞ 
(Pa·s) λ (s) a n R
2 K (Pa.sn) n R
2 
80 0.09145 0.0030 4.69 2.94 0.36 0.99 0.041 0.47 0.99 
90 0.09712 0.0029 6.20 2.36 0.40 0.99 0.042 0.47 0.99 
100 0.1170 0.0029 6.89 2.52 0.38 0.99 0.040 0.42 0.99 
150 0.1492 0.0032 5.16 2.68 0.36 0.99 0.051 0.41 0.99 
200 0.2223 0.0034 5.79 2.36 0.35 0.99 0.073 0.39 0.99 
300 0.6390 0.0040 7.28 2.32 0.28 0.99 0.16 0.27 0.99 
400 0.8741 0.0044 7.47 4.65 0.28 0.99 0.21 0.25 0.99 
500 1.164 0.0047 7.86 4.55 0.27 0.99 0.26 0.25 0.99 
600 1.485 0.0051 8.03 4.46 0.27 0.99 0.33 0.25 0.99 
700 1.712 0.0051 8.46 4.34 0.27 0.99 0.37 0.25 0.99 
800 2.121 0.0054 8.76 4.34 0.27 0.99 0.44 0.24 0.99 
900 2.406 0.0055 8.85 4.35 0.27 0.99 0.49 0.24 0.99 
1000 2.815 0.0056 9.22 4.39 0.26 0.99 0.55 0.24 0.99 
 
Polymer solutions are categorized into three concentration regimes; dilute, semi-dilute, and 
concentrated. In the dilute regime, polymer chains are so distant that they do not interact with 
each other. As the concentration increases (semi-dilute regime), polymer chains begin to overlap 
and become entangled, which results in more interaction. As the concentration further increases, a 
transition to the concentrated regime occurs. In this regime, molecules cannot move freely and 
due to the lack of space significant interpenetration occurs. All of the above changes are reflected 
in the rheology of the solution. Critical overlap concentrations C* and C** define the transition 
points from dilute to semi-dilute and semi-dilute to concentrated regimes, respectively [67]. 
Several methods have been utilized to determine the critical concentrations, among which 
rheological measurement is the most popular method due to its simplicity. The quantities of C* 
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and C** are determined by plotting specific viscosity, ηsp, versus concentration in a double-log 
plot (the points where slope changes). The specific viscosity is calculated using the following 
equation: 
𝜼𝒔𝒑 = 𝜼𝟎−𝜼𝒔𝜼𝒔                                                                                                                                                   (12)    
where  η0 and ηs are zero shear and solution viscosities, respectively.  
The concentration regimes and critical overlap concentrations of HPAM solutions were 
determined using the parameters calculated from viscosity data (Fig. 7). The values of C* and 
C** for HPAM solutions were determined to be 160 wppm and 4950 wppm, respectively.  
 
Fig. 7. Critical overlap concentrations of HPAM solutions 
Viscosity profiles of various concentrations of XG solutions are displayed in Fig. 8. Similar to 
HPAM solutions, XG solutions exhibited shear thinning behavior. The zero shear plateau was 
clearly observed for all of the polymer solutions. But infinite shear plateau was only observed at 
low concentrations (C < 600 wppm). The zero shear plateaus of XG solutions were not identical 
and occurred at different shear rates. For example, the upper shear rate boundary of 10000 wppm 
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solution was ~ 0.01 s-1, whereas for 100 wppm solution the upper boundary was ~ 1 s-1. Contrary 
to HPAM solutions, dilute solutions of XG (C <160 wppm) behaved almost like Newtonian 
fluids. But similar to HPAM solution, increasing XG concentration resulted in an increase in the 
viscosity of the solutions. The largest and smallest measured apparent viscosities belonged to 
10000 wppm and 100 wppm solutions, respectively.  
	
Fig. 8. Viscosity profiles of XG solutions 
 
Similar to HPAM solutions, the concentration regimes and critical overlap concentrations of 
the HPAM solutions were determined using the parameters calculated from viscosity data (Fig. 
9). The values of C* and C** for XG solutions were determined to be 260 wppm and 3400 
wppm. Comparison of the C* values of HPAM and XG solutions indicated that HPAM polymer 
chains began to interact with each other at lower concentrations. Also, comparison of the 
viscosities profiles of XG and HPAM solutions revealed that HPAM solutions were more viscous 
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solutions. The lower C* values associated with HPAM solutions could be due to the large 
molecular weight (large polymer chains) of HPAM compared to XG.   
 
Fig. 9. Critical overlap concentrations of XG solutions 
	
Viscosity profiles of various concentrations of GG solutions are displayed in Fig. 10. Like 
other polymer solutions, GG solutions exhibited shear thinning behavior and similar to XG 
solutions the infinite shear plateaus were only observed for dilute GG solutions and zero shear 
plateaus boundaries moved to lower shear rates by increasing concentration (for example 10 s-1 
for 1000 wppm and 0.1 s-1 for 10000 wppm). The zero shear plateaus of GG solutions were wider 
compared to XG and HPAM solutions. Similarly, viscosity of the solutions were directly 
proportional to polymer concentration, 10000 wppm GG and 100 wppm GG solutions were the 
most and the least viscous solutions, respectively. GG solutions were less viscous than both XG 
and HPAM solutions and the solutions began to behave like Newtonian fluids at C < 600 wppm. 
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Fig. 10. Viscosity profiles of GG solutions 
Critical overlap concentrations of GG solutions were calculated using viscosity data (Fig. 11). 
The values of C* and C** for GG solutions were 720 wppm and 2400 wppm, respectively. The 
critical overlap concentrations of HPAM, XG, and GG solutions are reported in Table 2. Among 
the three polymer solutions, the smallest C* vales belonged to HPAM solutions, indicating that 
HPAM polymer chains began to interact at lower concentration than XG and GG molecules. The 
reason for this phenomenon is attributed to the large molecular weight of HPAM molecule. The 
largest C* vales belonged to GG solutions, indicating that GG polymer chains began to interact at 
a greater concentration than XG and HPAM molecules.  
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Fig. 11. Critical overlap concentrations of GG solutions 
 
The second critical overlap concentration was in HPAM > XG > GG order, indicating that the 
second jump in the viscosity of HPAM solutions occurred at a higher concentration than XG and 
GG. This kind of behavior could be as a result of high flexibility of HPAM molecules. We know 
that as polymer concentration increases, the polymer chains get more entangled and form 
agglomerates. So due to the flexibility of HPAM molecules, the polymer networks are loose 
compared to the networks formed by less flexible polymer molecule such as GG. As a result, we 
observed that the C** was inversely proportional to the rigidity of polymer molecules. 
Table: Critical overlap concentrations of HPAM, XG, and GG solutions 
Polymer C* (wppm) C** (wppm) 
HPAM 160 4950 
XG 260 3400 
GG 720 2400 
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2.3.2 Oscillation experiments 
In order to verify the viscoelastic behavior of polymer solutions, dynamic oscillatory experiments 
were carried out. One of the important oscillatory experiments is frequency sweep test. In a 
frequency sweep test, measurements are made over a range of oscillation frequencies at a 
constant oscillation amplitude and temperature [74]. The parameters that can be measured and 
calculated include complex (G*), storage (G’) and loss (G”) moduli, and phase angle (δ). 
Complex modulus (G*) is a measure of material’s overall resistance to deformation and is 
determined as: 
𝑮∗ = 𝑮’+ 𝒊𝑮”                                                                                                                                                (13) 
Storage modulus (G’) is a measure of elasticity of the material and the ability of the material to 
store energy. Loss modulus (G”) is the ability of the material to dissipate energy in the form of 
heat. Phase angle (δ) is the measured shift between input and output waves and is a measure of 
material’s damping. For a Hookean solid δ is equal to zero, whereas for a Newtonian fluid δ is 90 
degrees [74, 75]. For all viscoelastic materials 0 < δ < 90, 
𝐭𝐚𝐧𝜹 = 𝑮"𝑮′                                                                                                        (14) 
Frequency sweep experiments were carries out on HPAM solutions. The storage and loss 
moduli for various concentrations of HPAM are displayed in Fig.12 and Fig. 13, respectively. It 
was observed that both G’ and G” increased by increasing concentration (which means G* 
increased), indicating that the resistance of the solutions to deformation increased by increasing 
polymer concentration. The observations were consistent with the literature data [76]. Also, a 
jump in both G’ and G’’ values was observed as the concentration increased from 200 wppm to 
500 wppm.  
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Fig. 12. Storage modulus (G’) for various concentrations of HPAM solutions 
 
	
Fig. 13. Loss modulus (G”) for various concentrations of HPAM solutions 
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The relative magnitude of G” to G’ (tan δ) for various concentrations of HPAM in the 0.1-100 
rad/s frequency range is displayed in Fig. 14. The values of tan δ decreased with increasing 
concentration suggesting that polymer concentration increased the elasticity of the solutions. It 
was observed that for C ≤ 200 wppm at low frequencies (ω < 0.3 rad/s), tan δ was greater than 1, 
indicating that the solutions were more behaved more like a viscous fluid. For C ≥ 500 wppm, tan 
δ values were close to 1 (or δ = °45). As angular frequency increased, tan δ values decreased and 
a minimum was observed in 0.3 < ω < 10 range for all of the HPAM solutions. For example, the 
minimum tan δ for 100 wppm solution was 0.98 at ω = 1 rad/s, whereas for 1000 wppm the 
minimum value of tan δ was 0.5 at ω = 2.5 rad/s. The minimum value of tan δ = 1 were the 
crossover points of G’ and G” curves. The crossover points marked the transition from elastic 
region to viscous region and vise versa. Finally, it was observed that at high frequencies ω > 10 
rad/s, tan δ values increased quickly. In ω > 10 rad/s frequency range, the viscous behavior of the 
solutions dominated their elastic behavior. 
	
Fig. 14. Calculated phase angle for various concentrations of HPAM solutions 
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The results of dynamic oscillatory experiment for XG solutions are displayed in Figs. 15 
through 17. Similar to HPAM solutions, both G’ and G” increased by increasing XG 
concentration, indicating that the resistance of the solutions to deformation increased by 
increasing polymer concentration. Both G’ and G” were dependent on frequency suggesting that 
the solutions (at the studied concentrations) were not structured (were fluid-like). The calculated 
values of relative G” to G’ are shown in Fig. 17.   Results showed that values of tan δ decreased 
with increasing concentration, suggesting that polymer concentration increased the elasticity of 
the solutions. Similar to HPAM solutions, a minimum was observed in tan δ values of all XG 
solutions. The values of tan δ remained smaller than 1 for 1000 wppm XG solution within 0.1 < ω 
< 100 rad/s range. On the other hand tan δ vales of 200 and 300 wppm XG solutions remained 
above 1 within the same frequency range.  But for 600 and 800 wppm solutions, tan δ values 
were both above and below 1, indicating that G’ and G” curves crossed over.	
	
Fig. 15. Storage modulus (G’) for various concentrations of XG solutions 
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Fig. 16. Loss modulus (G”) for various concentrations of XG solutions 
 
	
	
Fig. 17. Calculated phase angle for various concentrations of XG solutions 
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Frequency sweep experiments were carried out on GG solutions as well. But, the measured 
values of G’ and G” for GG solutions were very small (or zero) compared to HPAM and XG 
solutions, indicating that the resistance of GG solutions to deformation was low. In order to 
obtain reasonable results, the experiments were carried out at high concentrations. The G’ data is 
displayed in Fig. 18. It was observed that even for the shown concentrations, the G’ values were 
very small or the measured data was unstable, particularly at low frequencies (ω < 1 rad/s) 
Therefore, since the studied concentrations are too high for friction reduction application, the 
results were not discussed further and other relevant data was reported in Appendix A. 
	
Fig. 18. Storage modulus (G’) for various concentrations of GG solutions 
 
According to the dynamic oscillatory results, the resistance of the polymer solutions (at the 
same concentration) to deformation was in HPAM > XG > GG order, indicating that the degree 
of elasticity for HPAM solutions was greater than XG and GG solutions. 
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CHAPTER III 
 
 
DRAG REDUCTION BEHAVIOR OF SINGLE AND BINARY SOLUTIONS 
 
3.1 Introduction 
	
In this chapter, drag behavior (DR) and resistance to mechanical degradation of single and binary 
HPAM, XG, and GG solutions are verified. Anionic PAM is the partially hydrolyzed form of 
polyacrylamide that has a relatively large molar mass and exhibits greater flexibility than regular 
PAM molecule. All of the polymers are widely used in industrial applications such as hydraulic 
fracturing treatments. There has been little or no work regarding the DR behavior of anionic 
HPAM, XG, and GG and mixtures. We believe that it would be interesting to verify the DR 
behavior of two negatively charged molecules coexisting in a solution (HPAM/XG), as well as 
the drag reduction behavior of HPAM/GG mixtures. Since various HPAM, XG, and GG 
molecules with different molecular weights are available in the market, we also study the 
behavior of single polymer solutions, so that we can compare with binary solutions and assess the 
degree of improvement in drag reduction efficiency and shear stability. The drag reduction 
experiments were carried out in a closed flow loop system, which is explained in section 3.2. The 
results and discussion regarding the DR behavior of single and binary polymer solutions are 
reported in section 3.3. Finally, the DR behavior of HPAM and HPAM/XG solutions are 
discussed in section 3.4. 
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3.2 Materials and Methods 
In this work, drag reduction behaviors of HPAM, XG and GG single polymer solution, as well as 
HPAM/XG and HPAM/GG binary solutions were studied (Table 2).  In order to verify the effect 
of salt, initially 2% KCl was dissolved in deionized water and then following the procedure 
explained in section 2.2.1, polymer powders were dissolved in the solution. The studied solutions 
were 1000 wppm HPAM/2% KCl, 150 wppm HPAM+300 wppm XG/2% KCl, and 150 wppm 
HPAM+300 wppm XG/ 2% KCl. 
A closed loop flow system was utilized for drag reduction and turbulent flow measurements 
(Fig.19). The system was comprised of a 60 liter supply tank connected to a progressive cavity 
pump (SEEPEX BN 10-12) with a pumping capacity of 30 GPM (113.56 l/min), and a seamless 
stainless steel horizontal pipe test section of L = 8 ft. (2.438 m) and inner diameter of 1 inch 
(2.54cm). The flow rate of the system was measured using a mass flow meter (OPTIMASS 1000, 
KROHNE) with an accuracy of ±0.15% and a repeatability of ±0.05% as stated by the 
manufacturer. The pressure drop data along the measuring length of the pipe was gathered using a 
membrane differential pressure transducer (PX409, OMEGA). At each flow rate Fanning friction 
factor is calculated by: 
𝒇 = 𝑫𝟐𝝆𝑼𝟐 (𝜟𝑷𝑳 )																																																																																																													(15)	
Here, f is the Fanning friction factor, ρ is the fluid density, U is the average velocity, ΔP is 
pressure drop in the measurement length of L, and D is the internal diameter of the pipe. In the 
flow experiments, drag reduction efficiency of the polymer solutions was defined as: 
𝑫𝑹 = (𝒇𝒘−𝒇𝒔𝒇𝒘 )𝑹𝒆=𝒄𝒐𝒏𝒔𝒕																																																																																				(16)	
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where subscripts “w”  and “s” stand for water and polymer solution, respectively, and “Re = 
const.” signifies the fact that the comparison between the flows is made at the same Reynolds 
numbers. Here Re = ρUD/ηa, and ηa is fluid viscosity. In drag reduction experiments the flow rate 
was increased stepwise (and kept constant for 1 minute at each flow rate) and then the polymer 
solutions were sheared in the flow loop at maximum flow of 30 GPM for 2 hours and sampling 
was performed 8 times at shearing periods of t = 0, 15, 30, 45, 60, 80, 100, and 120 min. After the 
shearing process, flow rate was decreased stepwise in the same manner as it was increased. 
	
Fig. 19. Schematic illustration of the flow loop; Instrumentation consists of a digital flow meter (F), differential 
pressure transducer (P), valves (V), and temperature sensors (T). 
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3.3 Drag reduction behavior of polymer solutions 
3.3.1 Polyacrylamide solutions 
In order to assess the degree of drag reduction and polymer degradation, several samples were 
taken at specified intervals over the shearing process. Shear stress and apparent viscosity of the 
samples were measured in the rheometer and power-law and Carreau-Yasuda, parameters were 
calculated. For Newtonian fluids the value of n is 1 and for shear-thinning fluids, such as polymer 
solutions, n is less than 1. As the value of n deviates from 1, the degree of non-Newtonian 
behavior increases. The Carreau-Yasuda and power-law parameters calculated for different 
concentrations of the anionic polyacrylamide are shown in Table 2 and Figs. 20a,b, respectively.  
Table 2. Calculated parameters of Carreau-Yasuda model for HPAM, XG and HPAM/XG solutions 
Concentration, wppm η0 (Pa·s) η∞ (Pa·s) λ (s) a n 
100 ppm HPAM 0.08351 0.0035 4.96 1.37 0.37 
150 ppm HPAM 0.2668 0.0041 5.46 3.15 0.26 
200 ppm HPAM 0.3717 0.0042 5.80 3.14 0.27 
500 ppm HPAM 1.211 0.0052 8.70 3.74 0.26 
1000 ppm HPAM 3.507 0.0067 10.1 3.52 0.21 
600 ppm XG 0.2689 0.0040 5.34 1.92 0.43 
100 ppm HPAM + 100 ppm XG 0.1331 0.0039 4.18 2.51 0.36 
150 ppm HPAM +100 ppm XG 0.2873 0.0038 7.20 2.28 0.33 
 
Comparison of power-law parameters of fresh (zero shearing time) HPAM solutions showed 
that by increasing concentration, values of K increased and n values decreased, indicating 
increased non-Newtonian behavior. It can also be found that, as the shearing time increased, the 
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values of power-law parameters changed for all the polymer solutions. Fig. 2a shows that, over 
the shearing time, K values of HPAM solutions decreased and n values increased and got close to 
one (Newtonian behavior). The difference in the n values of the solutions before and after the 
shearing was large (35%-152% increase for various concentrations). The overall change in n 
values (after the shearing period) was 35% for 100 wppm solution, and by increasing 
concentration, the maximum change in n values (152%) appeared at 200 wppm.  As the 
concentration increased above 200 wppm, change in n value drops to 69% for 1000 wppm 
solution. As a result of shear degradation and consequently viscosity reduction, K values decline.  
By increasing concentration from 100 wppm to 1000 wppm, K values reached a maximum 
decline of 64% at 200 wppm, but with further concentration increase a 33% decline in K value 
was found for 1000 wppm HPAM solution. 
	
Fig. 20. Power-law model parameters variation over shearing time for HPAM solutions 
	
Another indication of shear degradation is shown in Fig. 21, where the apparent viscosity of 
the 200 wppm HPAM solution, at shear rates under 10 s-1, undergoes drastic reduction as the 
circulation time increases. The reason that we only saw changes at lower shear rates might be 
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distribution of the polymer [77]. Those molecules contributed to the formation of the zero shear 
viscosity plateau. 
	
Fig. 21. Apparent viscosity of 200 wppm sheared HPAM samples (Sample 1 to 8: Fresh, 15, 30, 45, 60, 80, 100, 
and 120 minutes shearing time) 
	
Prandtl-Karman coordinates are a semi-log graph of f -½ versus Re.f ½, where f and Re are 
Fanning friction factor and Reynolds number, respectively. Using Prandtl-Karman coordinates, 
the degree of DR of polymer solutions can be compared with respect to the boundaries of drag 
reduction; the onset of drag reduction as the point of departure from Prandtl-Karman law and 
maximum drag reduction (MDR) or Virk’s asymptote [36, 38]. Prandtl-Karman plot for different 
concentrations of HPAM is shown in Fig. 4. Three flow regimes can be detected: 
a) 𝑅𝑒 𝑓 < 200; laminar flow. All polymer solutions obey Poiseuille’s law. 
b) 200 < 𝑅𝑒 𝑓 < 350; laminar to turbulent transition. 
c) 𝑅𝑒 𝑓 > 350; turbulent flow. 
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It is observed that except for the laminar to turbulent transition region, the turbulent friction 
factor data for the solutions is bounded in the area between the two universal asymptotes and the 
data points are linear for all concentrations.  
Table 3. Linear fit results of DR data in the turbulent regime for HPAM solutions 
Concentration Linear fit equation R2 Slope increment (δ) 
100 wppm 1 𝑓 = 6.0 log𝑅𝑒 𝑓 − 4.1 0.99 2.05 
 
150 wppm 1 𝑓 = 7.1 log𝑅𝑒 𝑓 − 4.4 0.99 3.09 
200 wppm 1 𝑓 = 9.3 log𝑅𝑒 𝑓 − 7.3 0.99 5.28 
500 wppm 1 𝑓 = 9.6 log𝑅𝑒 𝑓 − 8.2 0.99 5.60 
1000 wppm 1 𝑓 = 12.8 log𝑅𝑒 𝑓 − 15.9 0.99 8.81 
 
	Results of linear fitting of the data points in the turbulent region (Table 3) revealed that by 
increasing polymer concentration, the slope of the lines tended to increase. According to the 
literature the slope increment with respect to the Prandtl-Karman law (δ) is proportional to the 
square root of polymer concentration (δ ∝ 𝐶 ) with a proportionality constant that is the 
characteristic of the polymer [37]. The slope increment values are reported in Table 2. The 
proportionality constant for the HPAM is calculated to be 0.27±0.05. Figure 22 shows that by 
increasing HPAM concentration, the extent of DR increased and the data points approached 
Virk’s asymptote. Among different concentrations, the extent of DR and slope of data points for 
100 wppm HPAM solution were closest to the Prandtl-Karman line (the onset of DR). On the 
other hand, the greatest DR belonged to 1000 wppm solution. For solutions with polymer content 
greater than 200 wppm, in 200 < 𝑅𝑒 𝑓 < 500 range, the data points were nearly tangent to the 
MDR line, but by increasing the flow rate (Reynolds number), the data points tended to deviate 
from MDR. Results indicated that further increase of concentration did not have a large effect on 
the degree of DR in the experimental conditions of this work.  
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Fig. 22. Prandtl-Karman coordinates for HPAM solutions 
	
The effect of polymer concentration and mechanical degradation on Fanning friction factor of 
HPAM solutions is shown in Figs. 23a, b, respectively. It was observed that even at low 
concentrations of polymer (100 wppm), Fanning friction factor values were very small compared 
to water. Increasing polymer concentration resulted in further reduction in friction factors (data 
points moved towards maximum drag reduction asymptote) and consequently, drag reduction 
efficiency increased. The smallest friction factor values at different Reynolds numbers belonged 
to 1000 wppm solution. It was also observed that the difference between turbulent friction factors 
of 200, 500, and 1000 wppm solutions was very small, which is in agreement with the results 
shown in Prandtl-Karman coordinates, indicating that at the studied range of Reynolds numbers 
DR efficiency was close to its maximum value (MDR). Further concentration increase did not 
change friction factors. It was also found that as the Reynolds numbers increased, the data points 
tended to deviate from MDR. 
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Fig. 23. Friction factor vs. Re: a) Effect of HPAM concentration, b) Effect of shearing on 200 wppm HPAM 
	
       Shearing had a large impact on reducing the DR ability of polyacrylamide solutions. 
Comparison of the friction factors of 200 wppm HPAM solution at different Reynolds numbers 
(Fig. 23b) showed a 30 - 50 % decline after 2 hours of shearing. It was observed that as a result of 
shearing, friction factor values moved from MDR line and shifted towards water friction factors 
in the studies range of Reynolds numbers. In spite of constant flow rate in all of the experiments, 
a shift in the data points of the sheared samples towards lower Reynolds numbers was observed. 
The shift was an indication of alteration in the flow regime, which occurred due to the change in 
the rheological properties of the solutions as a result of shear degradation. Figure 24 shows the 
changes in the DR% over shearing time for different concentrations of HPAM at constant flow 
rate. It was observed that, for fresh samples (t = 0), the extent of DR increased from 30% to 67% 
by increasing polymer concentration from 100 wppm to 1000 wppm. Results also indicated that 
solutions above 200 wppm produced nearly identical DR at the early stages of shearing (t < 20 
minutes), which corresponds to the results shown in Prandtl-Karman coordinates (Fig. 22). But 
beyond 20 minutes, the DR curves tended to diverge, indicating that the degree of shear 
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degradation was different for each polymer solution. Ptasinski et al. [40] reported that in flexible 
polymers such as HPAM, as shear force reached a certain level, molecules stretched and effective 
viscosity increased, and consequently the turbulent buffer layer thickened, and due to dissipation 
of the energy from turbulent fluctuations drag was reduced. It is also known that drag is reduced 
when turbulent flow interacts with polymer networks. When polymer concentration is high 
enough (above critical overlap concentration, C*), polymer chains are packed closer and begin to 
interact with each other and form entangled networks [21].  
	
Fig. 24. Drag reduction behavior of different concentrations of HPAM at 30 GPM (113.56 l/min) 
	
A decline was observed in the degree of DR of all concentrations of HPAM solution. 
Resistance to mechanical degradation over the shearing period is shown in Fig. 25. 
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Fig. 25. Resistance to mechanical degradation (DR/DRmax) for HPAM Solutions at 30 GPM (113.56 l/min) 
	
Results showed that, as concentration increased, resistance to mechanical degradation 
increased. This made the 100 wppm solution the least resistant and 1000 wppm solution the most 
resistant to mechanical degradation among HPAM solutions. These results agreed with those 
reported by Soares et al. (2015), who reported that increasing polymer concentration (PAM or 
PEO) in the solution increased resistance to mechanical degradation. It was also observed that the 
shear stabilities of 100, 150, and 200 wppm solutions were very close and followed the same 
trends. In other words, the 200 wppm solution was only slightly more resistant to degradation 
(DRt=120/DRmax = 0.5) than 100 wppm solution (DRt=120/DRmax = 0.39). But above 200 wppm, a 
sudden rise in the shear resistance of the solutions was observed. Both 500 and 1000 wppm 
solutions showed superior shear stability compared to other solutions. We found that although 
200 wppm HPAM solution had similar initial DR% to 500 and 1000 wppm solutions (Fig. 24), it 
had a larger decline in DR (Fig. 25). The values of DRt=120/DRmax for 500 and 1000 wppm 
solutions were 0.62 and 0.72 at the end of 2-hour shearing period, respectively. It is also 
interesting to note that the DR/DRmax declined at a slower rate after t = 60 min. For example, the 
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reduction in DR/DRmax value for 1000 wppm solution from t = 60 min to t = 120 min was only 
0.06. 
From viscosity measurements, critical overlap concentration (the concentration that marks 
the beginning of polymer-polymer interaction) of the HPAM solution was determined to be 160 
wppm. At C < 200 wppm, there was no polymer network, so there was no decline due to polymer 
network breakup, but at C > 200 wppm, the networks were more entangled and upon deformation 
could recover quickly. Also, it seemed that at higher concentrations (C > 200 wppm), the 
extensional force from the turbulent flow was distributed among larger number of molecules, 
which resulted in lower number of chain scissions and higher DR stability. But at C < 200 wppm 
polymer networks just began to form and were weak. Therefore, at the beginning of the shearing 
process DR efficiency increased, but gradually as shear forces acted, unstable polymer networks, 
as well as individual polymer molecules broke up, which resulted in a large decline in the DR 
efficiency of C < 200 wppm HPAM solutions compared to higher concentrations. 
It was found that the rate of DR decline was fast in the first 60 to 80 minutes of the shearing 
process. This is probably due to the presence of longer polymer chains in the fresh solutions, 
which were more susceptible to chain scission (required less energy to break). After 60 minutes, 
the gap between DR lines (Fig. 24) remained nearly constant, which indicated that polymer 
chains were broken up at similar rate in all of the solutions.  
Several models for correlating the DR behavior of polymer solutions is found in the 
literature. Two of the most common models are exponential decay model [78] and Brostow’s 
model [63]. Based on the exponential decay model proposed by Bello et al. (1996), DR follows 
an exponential decline with time for polyacrylamide and polysaccharide solutions: 
	𝑫𝑹% 𝒕 /𝑫𝑹%(𝟎) = 𝒆(!𝒕⁄𝝀)																																																																																								  (17)																 
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where DR%(t) and DR%(0) (or DRmax) are percent drag reduction at times t and t = 0, 
respectively, and λ is an adjustable parameter. Brostow’s equation is a more general model, which 
has been applied to various shear degradation applications [79] and has been developed to 
quantitatively describe DR and its changes with time: 
𝑫𝑹% 𝒕 /𝑫𝑹%(𝟎) = [𝟏+𝑾(𝟏− 𝒆 !𝒉𝒕 )]!𝟏																																																																																	(18) 
Here W is the average number of vulnerability points per chain and h is called rate constant.  
Both models were used to correlate the DR data of HPAM and HPAM/XG solutions. 
Calculated model parameters and goodness of fitting (R2) for both models are reported in Table 4. 
The solid lines in Fig. 24 represent the fitting results. It was found that for the studied 
concentrations of HPAM solutions, both models described the degradation behavior well. 
Though, Brostow’s model gave better fits and the predicted values of it were more accurate.  
Table 4. Calculated parameters of Brostow and exponential decay models for HPAM solutions 
Concentration 
(wppm) 
Exponential Decay Model Brostow’s Model 
λ (min) R2 W h (min-1) R2 
100 87.32 0.96 374.2 32.7 e-5 0.94 
150 146.7 0.97 43.43 2.31 e-4 0.98 
200 162.3 0.95 2.723 3.90 e-3 0.99 
500 245.0 0.90 0.8628 9.63 e-3 0.98 
1000 312.1 0.88 0.6351 8.12 e-3 0.96 
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3.3.2 Xanthan gum solutions 
The extent of drag reduction in rigid polymers depends on concentration and molecular weight of 
the polymer [15]. In order to verify the effect of XG concentration on the extent of drag 
reduction, various concentrations of XG solutions were prepared, characterized, and sheared in 
the flow loop at maximum flow rate. Several samples were taken at specified intervals over the 
shearing process, and shear stress and apparent viscosity of the samples were measured in the 
rheometer, and Carreau-Yasuda parameters were calculated. The calculated Carreau-Yasuda 
parameters for the studied polymer solutions are shown in Table 5. 
Table 5. Calculated parameters of Carreau-Yasuda model for GG, XG, HPAM/XG and HPAM/GG solutions 
Concentration 
(wppm) η0 (pa.s) η∞ (Pa.s) λ (s) a n 
300 ppm XG 0.039 0.0031 1.98 2.47 0.54 
600 ppm XG 0.269 0.0040 5.34 1.92 0.43 
1000 ppm XG 0.829 0.0042 5.89 1.30 0.38 
150 ppm HPAM + 300 ppm XG 0.376 0.0046 4.42 2.10 0.38 
150 ppm HPAM +500 ppm XG 0.252 0.0044 4.52 2.33 0.38 
500 ppm GG 0.004 0.0028 0.64 0.71 0.89 
1000 ppm GG 0.006 0.0042 1.46 0.81 0.78 
2000 ppm GG 0.024 0.0044 2.81 0.56 0.64 
150 ppm HPAM +1000 ppm GG 0.122 0.0045 4.23 3.65 0.53 
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Prandtl-Karman coordinates are a semi-log graph of f -½ versus Re.f ½, where f and Re are Fanning 
friction factor and Reynolds number, respectively. By plotting the Prandtl-Karman coordinates, 
the degree of DR of polymer solutions can be compared with respect to the boundaries of drag 
reduction; the onset of drag reduction as the point of departure from Prandtl-Karman law and 
maximum drag reduction (MDR) or Virk’s asymptote [36, 38]. Prandtl-Karman plot for different 
concentrations of XG is shown in Fig. 26. Similar to HPAM solutions, three flow regimes was 
detected:  
• 𝑅𝑒 𝑓 < 200; laminar flow. All polymer solutions obey Poiseuille’s law. 
• 200 < 𝑅𝑒 𝑓 < 350; laminar to turbulent transition. 
• 𝑅𝑒 𝑓 > 350; turbulent flow 
It was observed that as the concentration increased the data point moved towards the MDR 
(maximum drag reduction asymptote). Among XG solutions, the extent of DR and slope of data 
points for 300 wppm solution were closest to the Prandtl-Karman line (the onset of DR). On the 
other hand, the greatest DR belonged to 1000 wppm solution. Results indicated that by increasing 
the flow rate (Reynolds number), the data points tended to deviate from MDR. It was also 
observed that the extent of DR of XG solutions was no way near the MDR values. It is expected 
that with further increase of concentration (above 1000 wppm) DR degree would increase.  
Results of linear fitting of the data points in the turbulent region (Table 6) revealed that by 
increasing polymer concentration, the slope of the lines slightly increased. According to the 
literature the slope increment with respect to the Prandtl-Karman law (δ) is proportional to the 
square root of polymer concentration (δ ∝  𝐶 ) with a proportionality constant that is 
characteristic of the polymer [37]. The slope increment values are reported in Table 6. The 
proportionality constant for the studied XG solutions was calculated to be 0.08±0.008.  
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Fig. 26. Prandtl-Karman coordinates for XG solutions 
	
	
Table 6. Linear fit results of DR data in turbulent regime for XG solutions	
Concentration Linear fit equation R-Squared Slope Increment (δ) 
300 wppm 1 𝑓 = 5.18 log𝑅𝑒 𝑓 − 1.82 0.99            1.18 
 
600 wppm 1 𝑓 = 6.08 log𝑅𝑒 𝑓 − 2.99 0.99 2.08 
1000 wppm 1 𝑓 = 6.76 log𝑅𝑒 𝑓 − 3.83 0.99 2.76 
	
The plot of drag reduction behavior of XG solutions at constant flow rate in a 2-hour flow 
experiment is shown in Fig. 27. It was observed that, for fresh samples (t = 0), the extent of DR 
increased from 26% to 45% by increasing XG concentration from 100 wppm to 1000 wppm, 
which was consistent with the results shown in Fig. 26. The DR results also indicated that at the 
studied concentrations, the DR efficiencies were well below the MDR.  
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Fig. 27. Drag reduction behavior of XG solutions at 30 GPM (113.56 l/min) 
	
Resistance to mechanical degradation (DR/DRmax, where DRmax is the extent of DR at t = 0) is 
shown in Fig. 28. It was observed that all XG solutions exhibited high shear resistance to 
mechanical degradation. At the end of the shearing period (t = 120 min), DRt=120/DRmax values for 
300, 600, and 1000 wppm solutions were 0.85, 087, and 0.97, respectively. These values were 
higher than DRt=120/DRmax values of HPAM solutions (DRt=120/DRmax=0.72 for 1000 wppm 
HPAM), indicating that XG solutions were more resistant to shear degradation. Increasing 
concentration resulted in an increase in the shear stability, as well as the DR efficiency of the 
solutions. The 1000 wppm solution exhibited the highest DR stability among XG solutions. 
Soares et al. [80] similarly observed that increasing polymer concentration (PAM or PEO) in the 
solution increased the resistance to mechanical degradation. 
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Fig. 28. Shear resistance of XG solutions at 30 GPM (113.56 l/min) 
	
Both exponential decay and Brostow’s models were used to correlate the DR behavior of 
polymer solutions. Calculated model parameters and goodness of fitting values (R2) for both 
models are reported in Table 7 and the solid lines in Fig. 27 represent the fitting results from 
Brostow’s model. It was observed that Brostow’s model could predict the DR behavior of XG 
solutions very well. Brostow’s model gave better fits and the predicted values were more 
accurate. On the other hand, the R2 values for the exponential decay model were small, indicating 
that Bello’s model was not suitable for the studied XG solutions. 
Table 7. Calculated parameters of Brostow and exponential decay models for XG solutions 
Concentration 
(wppm) 
Exponential Decay Model Brostow’s Model 
λ (min) R2 W h (min-1) R2 
300 488.47 0.29 0.1971 0.04115 0.95 
600 571.40 0.32 0.1664 0.04118 0.91 
1000 3037.5 0.34 0.0294 0.03957 0.98 
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3.3.3 Guar gum solutions 
The measured friction factor values for GG solutions at various flow conditions are shown in 
Prandtle-Karman coordinates (Fig. 29). It was found that the data points for 500 wppm GG 
solution were very close to the Prandtle-Karman line (onset of DR). As GG concentration 
increased, the data points moved from the onset of DR line. Overall, it was observed that the data 
points (even for 2000 wppm solution) were far from reaching the maximum drag reduction 
asymptote. 
	
Fig. 29. Prandtl-Karman coordinates for GG solutions	
	
Drag reduction behavior of different concentrations of GG solutions is shown in Fig. 30. The 
first observation was that the extent of DR was much lower compared to HPAM and XG 
solutions. At concentrations below 1000 wppm the solutions behaved like Newtonian fluids and 
the DR approached to very small values (DR < 1% for 500 wppm GG). As mentioned earlier GG 
is not a flexible molecule and the extent of drag reduction depends only on concentration and 
molecular weight of the polymer and drag reduction occurs as a result of the interactions of 
polymer networks with turbulent flow [34, 51, 52]. The first critical overlap concentration for GG 
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solution was measured to be ~720 wppm, which is greater than that of XG and HPAM (260 and 
160 wppm, respectively). This implied that, in order for GG to be an effective friction reducer, 
the required polymer concentration should be greater than the concentration required for XG or 
HPAM. Our results indicated that due to polymer chain entanglement, the degree of DR began to 
increase at C > 1000 wppm. The DR efficiencies of 1000 and 2000 wppm solutions were 
measured to be 5% and 18%, respectively. It was also found that GG solutions were excellent at 
resisting the shear forces and mechanical degradation was zero.  
 
	
Fig. 30. Drag reduction behavior of GG solutions at 30 GPM (113.56 l/min) 
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3.3.4 HPAM/GG binary solutions 
The drag reduction behavior of a HPAM/GG, HPAM, and GG solutions is shown in Fig. 31. 
Comparison of the DR efficiency of the solutions, before shearing (t = 0), showed that the 
efficiency of the binary solution (41%) was 10% below the value of 150 wppm HPAM. After 
shearing, DR efficiency of HPAM solution was still greater than that of the HPAM/GG solution 
(until t = 100 min), indicating that addition of GG did not have a positive effect on the DR 
efficiency of binary solutions. 
	
Fig. 31. Drag reduction behavior of HPAM/GG mixed solution at 30 GPM (113.56 l/min) 
	
Comparison of the shear resistance data of the solutions is displayed in Fig. 32. The results 
indicated that the shear resistance of 1000 wppm GG solution was excellent (DR/DRmax~1). 
Comparison of DR/DRmax of the HPAM/GG and HPAM solutions showed that the binary 
solution was more resistant to mechanical degradation. The decline in DR of 150 wppm HPAM+ 
1000 wppm GG solution after 2 hours was 17%, whereas for HPAM solution 27% decline was 
observed. 
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Fig. 32. Shear resistance of GG and HPAM/GG mixed solutions	
 
3.3.5 HPAM/XG – Low concentration (C < 300 wppm) 
In order to verify the possibility of stabilizing HPAM with XG, mixed solutions were prepared 
and sheared in the same manner as single polymer solutions. Based on the results obtained from 
the previous sections, among HPAM solutions, the 200 wppm solution was the optimum solution 
regarding DR efficiency and polymer concentration. Several authors have mentioned that the 
degree of DR in XG solutions depends on the concentration and molar mass of XG [15, 80]. So 
higher concentrations of XG are required to reach the same level of DR as HPAM. Our 
preliminary experiments showed that the DR efficiency of 600 wppm XG was close to the DR 
values of 200 wppm HPAM. Therefore, DR behaviors of binary polymer solutions were 
compared to those of 200 wppm HPAM and 600 wppm XG solutions. 
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Fig. 33. Fanning friction factor of mixed solutions in a) fresh form and b) after shearing for 120 minutes 
 
The Carreau-Yasuda model fitting results of the mixed solutions, as well as 200 wppm 
HPAM and 600 wppm XG solutions are included in Table 8. Also, friction factors of the binary 
and 600 ppm XG and 200 wppm HPAM solutions at various Reynolds numbers are displayed in 
Fig. 33a. It was found that, although polymer concentration in the 600 wppm XG solution was 
greater than that of 200 wppm HPAM solution, the 600 wppm XG solution possessed greater 
friction factors. Higher flexibility of HPAM polymer chains with respect to semi-rigid XG chains 
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resulted in higher energy adsorption (stretching) due to interaction with dynamic turbulent flow 
and subsequently, superior drag reduction capability of HPAM. Also, it was found that in the 
fresh binary solutions, there was no outstanding synergetic effect between HPAM and XG 
molecules. Even for the 150 wppm HPAM+100 wppm XG solution, which had higher total 
polymer concentration, the friction factors were greater than 200 wppm HPAM. 
Table 8. Parameters of Carreau-Yasuda model for HPAM, XG and HPAM/XG solutions 
Concentration, wppm η0 (Pa·s) η∞ (Pa·s) λ (s) a n 
200 ppm HPAM 0.3717 0.0042 5.80 3.14 0.27 
600 ppm XG 0.2689 0.0040 5.34 1.92 0.43 
100 ppm HPAM + 100 ppm XG 0.1331 0.0039 4.18 2.51 0.36 
150 ppm HPAM +100 ppm XG 0.2873 0.0038 7.2 2.28 0.33 
 
Comparison of the friction factors of the solutions after 120 minutes of shearing is displayed 
Fig. 33b. Because of high shear stability, XG solution maintained its initial friction reduction 
efficiency, with a relatively small change in friction factor values. But for the mixed HPAM/XG 
solutions, the friction factor values increased as a result of shearing. It is interesting to note that, 
200 wppm HPAM solution had a larger increase in its friction factors than mixed solutions (Fig. 
33b). This suggested that addition of XG was beneficial in controlling the shear degradation of 
HPAM. The decline in the DR efficiency and shear resistance of the solutions over shearing time 
is shown in Figs. 34 and 35.  Also, similar to single polymer solutions, Brostow’s and exponential 
decay models were used to correlate DR with time (solid lines in Fig. 34 and Table 9). 
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Table 9. Parameters of Brostow and exponential decay models for single and binary HPAM and XG solutions 
Concentration (wppm) 
Exponential Decay Model Brostow’s Model 
λ (min) R2 W h (min-1) R2 
200 (HPAM) 145 0.92 1.792 6.8 e-3 0.99 
600 (XG) 571 0.94 0.3853 8.8 e-3 0.96 
100 (HPAM)+100 (XG) 137 0.92 44.49 2.2 e-4 0.96 
150 (HPAM)+100 (XG) 127 0.89 1.768 8.4 e-3 0.99 
 
	
Fig. 34. Drag reduction behavior of mixed HPAM/XG solutions at 30 GPM (113.56 l/min) 
	
The results showed that the DR efficiencies of both HPAM/XG binary solutions were smaller 
than that of 200 wppm HPAM solution, indicating that partially replacing HPAM with XG in the 
binary solutions had reduced the DR efficiency of the single HPAM solution. Regarding the DR 
behavior of HPAM/XG binary mixtures, different views were found in the literature. Sandoval 
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and Soares recently reported that the DR efficiency of HPAM/XG mixture is close to the DR 
values of the single HPAM solution at the same total concentration [58]. Though, they confirmed 
that the synergetic effect in PAM/XG mixture is not as notable as PEO/XG.  Reddy and Singh 
also verified PAM/XG mixtures and reported that the single PAM solution has a higher DR 
efficiency than binary mixture. Their data was limited to fresh solutions. We believe that the 
differences in the reported data might be attributed to the differences in the experimental 
conditions. In our work, since we were dealing with two negatively charged polymers in the 
solution, we expected to obtain different results. We also believe that due to the higher flexibility 
(higher molecular weight) of the anionic HPAM used in our experiments, HPAM molecules were 
more susceptible to scission and the interaction between HPAM and XG was reduced. Compared 
to 600 wppm XG solution, the DR% of 100 wppm HPAM/150 wppm XG solution was high only 
in the first 60 minutes of the shearing process and after that, as a result of mechanical degradation 
the DR values declined. Also, it was found that the 100 wppm HPAM/100 wppm XG solution 
was less efficient in DR than the 600 wppm XG solution from the beginning till the end of the 
shearing period. Comparison of the shear resistance (DR/DRmax) of the solutions revealed that, as 
expected, 600 wppm XG solution had the best shear stability among all the solutions and smallest 
decline in DR over the shearing period (0.15 decline in DR/DRmax value). Contrary to XG, 200 
wppm HPAM and the binary HPAM/XG solutions suffered from poor shear resistance and a 
large decline in their DR efficiencies was observed. These results were in agreement with the 
results reported by Sandoval and Soares [80]. It is interesting to note that the shear resistance of 
both binary solutions and 200 wppm HPAM solution were nearly identical. 
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Fig. 35. Effect of shearing on DR decline for HPAM/XG mixed solutions 
 
As concluded from friction factor data, verification of the DR data revealed that addition of 
XG reduced the DR capability of mixed solutions (DR% = 40% and 55%) with respect to 200 
wppm HPAM solution. Also results showed that increasing HPAM concentration in the mixed 
solutions did not change the DR efficiency decline, significantly. Since there was only a small 
amount of chain degradation in semi-rigid polymers, the extent of DR depended only on the 
interaction between polymer chains and entanglements, which was directly related to polymer 
concentration. It should be considered that the concentration of XG was 100 wppm in the mixed 
solutions, which was below the critical concentration of XG (260 wppm). Hence, as suggested by 
other authors [20, 52], mixing HPAM with a higher concentration of XG would be more 
beneficial in maintaining high DR efficiency and even better control of shear degradation of 
polyacrylamide solutions, which is the subject of next section. Same as HPAM solutions, 
Brostow and exponential decay models were used to correlate the drag reduction behavior over 
time for HPAM/XG mixed solutions. The result is shown in Fig. 34 and Table 9. It was found 
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that both models could predict the DR behavior and similar to HPAM solutions, the Brostow’s 
model was more suitable for correlating the DR data.  
3.3.6 HPAM/XG – High concentration (C > 300 wppm) 
Results obtained in the previous section showed that the synergism in binary HPAM/XG 
solutions having total polymer concentration below 300 wppm (low concentration mixtures) was 
negligible and addition of XG has slightly improved the shear stability of the HPAM/XG mixed 
solutions, 23% and 29% decline compared to 33% decline for 200 ppm HPAM solution. The DR 
behavior of HPAM/XG binary mixtures is not completely understood yet and contradicting 
reports is found in the literature. Sandoval and Soares recently reported that the DR efficiency of 
PAM/XG mixture was very close to the DR values of the single PAM solution at the same total 
concentration [58]. Singh et al. also verified PAM/XG mixtures and reported that the single PAM 
solution had higher DR efficiency than binary mixture [57]. We believe that the differences in the 
reported data could be due to the differences in the experimental conditions. In our work, since 
we were dealing with two negatively charged polymers in the solution, we expected to observe 
different results. 
Due to the high flexibility of PAM molecules, drag reduction occurs as a result of stretching 
of polymer chains. Therefore, even at a concentration as low as 50 wppm high drag reduction 
efficiencies is achieved [39]. But, the mechanism of drag reduction is different for XG solutions.  
XG molecules are not as flexible as PAM molecules and since XG molecules are already in 
stretched form, application of shear forces does not stretch XG molecules further. Contrary to 
PAM, in XG solutions the degree of drag reduction depends only on polymer concentration [15]. 
At high polymer concentrations (greater than the first critical concentration, C*), due to the 
entanglement of polymer chains, flexible networks of polymer molecules form and interact with 
turbulent flow, which results in drag reduction. Hence, in order to obtain more efficient binary 
PAM/XG solutions, the concentration of XG should be greater than C*. 
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The drag reduction behaviors of binary polymer solutions at C > 300 ppm (total 
concentration) and individual polymer solutions are shown in Fig. 36. It was observed that 
compared to binary solutions, 150 ppm HPAM solution initially possessed higher DR (50% at t = 
0), but after 10 minutes its DR efficiency declined quickly. Also, it was found that both binary 
solutions demonstrated higher DR efficiency compared to either 600 wppm XG or 150 wppm 
HPAM solutions.  
	
Fig. 36. Drag reduction of mixed HPAM/XG solutions (C > 300 wppm) at 30 GPM (113.56 l/min) 
Shear resistance and DR decline of the polymer solutions over the shearing period are 
displayed in Figs. 37 and 38, respectively. According to the results, both binary solutions and the 
XG solution exhibited relatively high shear resistance. The DRt=120/DRmax values for binary 
HPAM/XG solutions were 0.88 and 0.82, and 0.85 for 600 wppm XG solution. The greatest shear 
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resistance belonged to 150 wppm HPAM+500 wppm XG (DRt=120/DRmax = 0.88) among polymer 
solutions. Although the concentrations of XG in HPAM/XG solutions were smaller than in 600 
wppm XG solution, both binary solutions exhibited similar or even better shear resistances. These 
results suggested that addition of XG improved the shear stability of HPAM solutions to a great 
degree. Also, it was observed that in binary solutions, flexible HPAM molecules contributed to 
the formation of polymer networks along with XG molecules, which enhanced DR efficiency and 
mechanical resistance of the solutions. Such a result was not observed at C < 300 wppm. 
	
Fig. 37. Shear resistance of HPAM and HPAM/XG mixed solutions at 30 GPM (113.56 l/min) 
It was clearly seen that mixed solutions exhibited greater shear stability compared to 150 
wppm (DRt=120/DRmax = 0.46) and 500 wppm HPAM solutions (DRt=120/DRmax = 0.62). According 
to the results (Fig. 38), the DR decline over the shearing period for the binary solutions were 8% 
and 6%, which were close to the DR decline of 600 wppm XG solution (6%), whereas in the 
HPAM solutions DR decline was above 24%. Comparison of the DR behavior of mixed solutions 
revealed that the solution with higher XG content exhibited slightly greater drag reduction and 
shear stability.   
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Fig. 38. Decline in DR of polymer solutions after a 2-hour shearing period 
The calculated parameters for exponential decay and Brostow’s models are reported in table 
10 and the solid lines in Fig. 36 represent Brostow’s model fits. Both models correlated the DR 
behavior of binary polymer solutions accurately, though Brostow’s model gave more accurate 
fits. 
Table 10. Calculated parameters of Brostow and exponential decay models for HPAM and HPAM/XG solutions 
Concentration (wppm) 
Exponential Decay Model Brostow’s Model 
λ (min) R2 W h (min-1) R2 
150 (HPAM) 146.7 0.97 43.43 2.3 e-4 0.98 
500 (HPAM) 245.0 0.90 0.8628 9.6 e-3 0.98 
150(HPAM)+300(XG) 502.3 0.91 0.3583 8.8 e-3 0.96 
150 (HPAM)+500(XG) 907.7 0.94 0.2019 8.5 e-3 0.98 
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Comparison of the DR behavior of binary solutions and 500 wppm HPAM solution (Fig. 36) 
showed that the HPAM solution had higher degree of DR during the experiment period. On the 
other hand, due to weak shear resistance (Fig. 37), DR decline for 500 wppm HPAM solution was 
so high (~25%) that at the end of the 2-hour shearing process, the DR dropped below the DR 
efficiency of the 150 wppm HPAM+500 wppm XG solution. Using the Brostow’s model, the 
degree of DR beyond 2 hours was predicted for the polymer solutions (Fig. 39). Due to the 
excellent shear resistance, DR efficiency of the XG solution was almost constant beyond 2 hours 
of shearing. Similarly, the decline in the DR efficiency of both binary solutions was very small 
(~3%). The results also indicated that, as shearing time increased the DR efficiency of 500 wppm 
HPAM droped below the efficiency of 150 wppm HPAM+500 wppm XG solution. Based on the 
Brostow’s model predictions, it was found that both binary solutions possessed greater DR values 
than the 600 wppm XG solution even after 6 hours of shearing, indicating that the synergism in 
mixed polymer solutions resulted in improved shear stability as well as high degree of DR.  
	
Fig. 39. Predicted drag reduction values of polymer solutions beyond 2 hour shearing period 
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3.3.7 Effect of solution salinity 
As mentioned earlier charged polyacrylamide molecules are very sensitive to the presence of salt 
ions in the solution. Ionic strength of a solution have great influence on the hydration of polymer 
molecules and consequently their drag reduction performance [65]. The DR behaviors of 200 
wppm HPAM solution in the presence of 2% KCl is shown in Fig. 40 and compared with the 
same solutions without salt. It was observed that the presence of salt significantly reduced the DR 
efficiency of the HPAM solution from 65% to 2%. The solution with salt ions in it behaved like a 
Newtonian fluid with near zero DR efficiency. 
	
	
Fig. 40. Drag reduction efficiency of 200 wppm HPAM-2% KCl solution at 30 GPM (113.56 l/min)	
	
The DR behavior of 200 HPAM solution prepared using tab water (instead of deionized 
water) is displayed in Fig. 41. It was observed that (similar to the 2% KCl solution) the DR 
efficiency dropped to as low as 7% when the solvent was tab water. These results confirmed that 
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due to repulsive forces induced by the salt ions, negatively charged HPAM molecules were 
suppressed and lost their flexibility and consequently their DR efficiency. 
	
Fig. 41. Drag reduction efficiency of 200 wppm HPAM-Tab water solution at 30 GPM (113.56 l/min) 
 
Since 200 wppm solution did not exhibit good DR efficiency, we decided to increase HPAM 
concentration in the solution in order to see how HPAM concentration would affect the DR 
behavior. The results (Fig. 42) indicated that even at a relatively high concentration of HPAM 
(1000 wppm), presence of salt significantly suppressed the DR efficiency (10% compared to 
~68% without salt). It is interesting to note that presence of salt improved the shear resistance of 
the HPAM solution (~0% decline). It is believed that due to the shielding by salt ions, the size 
and consequently flexibility of the polymer chains decreased significantly [66]. These results 
suggested that, in saline environments, increasing HPAM concentration would not be a good 
choice for improving the DR efficiency. 
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Fig. 42. Effect of salt (2% KCl) on the drag reduction efficiency of 1000 wppm HPAM at 30 GPM (113.56 l/min)	
	
Kim et al. [43] observed that biopolymers maintained a good level of drag reduction in the 
presences of salt ions at concentrations above 50 ppm. The behavior of biopolymers in ionic 
solutions is different from flexible polymers. Depending on the concentration of the polymer in 
the solution, different rheological behaviors can be observed. Wyatt et al. [20] suggested that 
salinity of the solution did not alter the drag reduction capability of XG at concentrations above 
its second critical concentration, C**. But at dilute concentrations (C < C*), presence of salt 
negatively affects the drag reduction capability of XG solutions.  
In order to verify the DR behavior of XG in the presence of salt, 600 wppm XG – 2% KCl 
solution was prepared and sheared in the flow loop and the DR behavior was compared to 600 
wppm XG solution prepared in deionized water (Fig. 43). It was observed that presence of 2% 
KCl in XG solution, slightly decreased the DR efficiency for fresh solutions (from 38% to 33%). 
DR behavior and shear resistance of both solutions were similar and at the end of the shearing 
period the difference in the DR efficiency remained identical to the DR before shearing. These 
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results indicated that XG molecules showed higher resistance to the presence of salt ions than 
HPAM molecules. 
	
Fig. 43. Effect of salt on the drag reduction efficiency of 600 wppm XG – 2% KCl at 30 GPM (113.56 l/min)	
In order to improve the DR efficiency of HPAM solutions in the presence of salt ions, binary 
HPAM/XG solution were prepared by dissolving polymer powders in 2% KCl solution. The 
concentrations of the studied binary solution were 150 wppm HPAM+ 300 wppm XG – 2% KCL 
and 150 wppm HPAM+ 500 wppm XG – 2% KCl, which were similar to the polymer solutions 
that were verified in section 3.3.6. The DR behavior of the binary solution is displayed in Fig. 44 
and compared with 1000 wppm HPAM – 2% KCl solution. Both binary solutions exhibited 
greater DR efficiencies than the HPAM solution during the entire shearing period. It was found 
that the presence of XG in the solutions reduced the negative effect of salt ions on HPAM 
molecules. Addition of salt to 1000 wppm HPAM solution resulted in 58% reduction in DR 
efficiency, whereas for binary solutions DR declines were 25% (150 wppm HPAM+ 300 wppm 
XG) and 17% (150 wppm HPAM+ 500 wppm XG). Comparison of the binary solutions 
suggested that 150 wppm HPAM+500 wppm XG – 2% KCl solution induced greater drag 
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reduction efficiency, indicating that increasing XG concentration in the solution would result in 
greater DR efficiency. Both binary solutions exhibited excellent mechanical resistance during the 
shearing period. The decline in the DR efficiency of both solutions was only 2%. 
	
	
Fig. 44. Effect of salt on the drag reduction efficiency of HPAM/XG binary solutions at 30 GPM (113.56 l/min) 
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CHAPTER IV 
 
 
CONCLUSIONS 
In this study rheological behavior and drag reduction efficiency of various polymer solutions 
were investigated. The studied polymer solutions included anionic polyacrylamide, xanthan gum, 
guar gum and binary polyacrylamide/polysaccharide mixtures. Polyacrylamide is a long-chain 
flexible molecule that is utilized in various drag reduction applications including transfer 
pipelines, field irrigation, and hydraulic fracturing treatment. Polyacrylamide is an efficient drag 
reducer and small quantities of polyacrylamide in the solution can reduce drag up to 70%. But, 
polyacrylamide suffers from mechanical degradation and chain scission, when exposed to 
turbulent flow conditions. Mechanical degradation results in significant loss of drag reduction 
efficiency. Biopolymers such as polysaccharides are largely used in industrial applications. Some 
of the polysaccharides such xanthan gum and guar gum are important components of hydraulic 
fracturing fluids and are used as viscosifiers. Both guar gum and xanthan gum are known to 
exhibit drag reduction characteristics and high resistance to shear degradation. Another advantage 
associated with biopolymers is their biodegradability. Previous studies (Sohn et al. [51]; Kim et 
al. [34]; Berman et al. [52]) suggested that drag reduction induced by XG and other biopolymers 
depended on concentration and molar mass of the polymer. According to the literature, binary 
polymer solutions give rise to DR efficiency and shear stability. Recently Sandoval and Soares 
verified the DR behavior of PAM/XG and PEO/XG binary solutions in a pressure driven flow 
loop. The authors reported clear synergism between polymers. They concluded that the 
improvement observed in the mixed solutions was related to the change of the
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polymeric conformation from coiled to elongated [58]. 
Sensitivity to the presence of salt ions and free radicals in the solution is the second drawback 
associated with polyacrylamide – based friction reducers [19]. It is believed that addition of salt 
results in reduction in the size of polyacrylamide macromolecules and consequently viscosity of 
the solution [66]. Kim et al. observed that biopolymers maintained a good level of drag reduction 
in the presences of salt ions at concentrations above 50 ppm. Wyatt et al. [20] suggested that 
salinity of the solution did not alter the drag reduction capability of XG at concentrations above 
its second critical concentration, C**. But in dilute concentrations (C < C*), presence of salt 
negatively affected the drag reduction capability of XG solutions. 
The main objective of this work was to improve the mechanical resistance of polyacrylamide 
solutions by mixing with shear resistant biopolymers such as xanthan gum and guar gum. 
Verification of the salt tolerance and the improving the drag reduction behavior of 
polyacrylamide molecules in saline environment were the other objective of this research. 
The project was divided into two parts. In the first part the rheological behavior of various 
concentrations of HPAM, XG, and GG solutions were verified. Rheological characterization 
included steady shear and dynamic oscillatory tests, where the viscosity profiles of the polymer 
solutions were obtained and viscous and elastic behavior of the solutions were determined. Also, 
using viscosity models the rheological parameters were developed for various polymer 
concentrations. In the second part, the rheological behavior of polymer solutions was verified in a 
closed flow loop. First the effect of concentration on DR efficiency of single polymer solutions 
was determined and then the synergism in the DR efficiency and shear resistance of HPAM/XG 
and HPAM/GG solutions were studied. Investigation of the DR behavior of the polymer solutions 
also included the verification of DR models in correlating the DR data. Finally, the DR behaviors 
of HPAM and HPAM/XG solutions in the presence salt ions were studied.  
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The conclusions are summarized as below: 
According to the rheological characterization experiments all of the HPAM solutions 
exhibited shear thinning behavior and both the zero and infinite shear plateau were detectable. It 
was found that the concentration of the HPAM in the solution had a direct influence on the 
viscosity of the solutions. Using both Carreau-Yasuda and power-law models the rheological 
parameters were calculated and concentration regimes were determined for HPAM solutions. The 
calculated critical overlap concentrations, C* and C** were 160 and 4950 wppm, respectively.  
Similar to HPAM solutions, shear-thinning behavior was observed for XG solutions (except 
for C < 160 wppm) and viscosity of the solutions were directly affected by the XG concentration. 
Infinite shear viscosity was only observed for C > 600 wppm solutions. Concentration regimes 
were determined using the parameters calculated from Carreau-Yasida model and the calculated 
C* and C** were 260 and 3400 wppm, respectively. 
Like other polymer solutions, GG solutions exhibited shear thinning behavior and viscosity of 
the solutions were proportional to polymer concentration. GG solutions were less viscous than 
both XG and HPAM solutions and the solutions began to behave like Newtonian fluids at C < 
600 wppm. Calculated critical overlap concentrations of GG solutions were C* = 720 wppm and 
C** = 2400 wppm. 
Among the three polymer solutions, the smallest C* vales belonged to HPAM solutions, 
indicating that HPAM polymer chains began to interact at lower concentration than XG and GG 
molecules. The reason for this phenomenon is attributed to the large molecular weight of HPAM 
molecule. The second critical overlap concentration was in HPAM > XG > GG order, indicating 
that the second jump in the viscosity of HPAM solutions occurred at a higher concentration than 
XG and GG. This kind of behavior could occur as a result of high flexibility of HPAM molecules. 
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In order to verify the viscoelastic behavior of polymer solutions, dynamic oscillatory 
experiments were carried out. The results showed that by increasing HPAM concentration the 
resistance of the solution to deformation (G*) increased. The relative magnitude of G” to G’ (or 
tan δ) decreased with increasing concentration suggesting that increasing polymer concentration 
increased the elasticity of the solutions. It was also observed that at high frequencies (ω > 10 
rad/s) the viscous behavior of the solutions dominated the elastic behavior. 
Similar to HPAM, both G’ and G” increased by increasing XG and GG concentrations in the 
solution, indicating that the resistance of the solutions to deformation increased by increasing 
polymer concentration. Both G’ and G” were dependent on frequency suggesting that (the at the 
studied concentrations) solutions were not structured (were fluid-like). According to the dynamic 
oscillatory results the order of resistance of the polymer solutions (at the same concentration) to 
deformation was HPAM > XG > GG, indicating that the degree of elasticity for HPAM solutions 
was greater than XG and GG solutions. 
Drag reduction (DR) measurements were performed in a closed flow loop. For HPAM 
solutions, the extent of DR increased from 30% to 67% with increasing HPAM concentration 
from 100 to 1000 wppm. The highest drag reduction efficiency and the lowest decline in DR% 
belonged to 1000 wppm HPAM solution. All the HPAM solutions suffered from mechanical 
degradation and loss of DR efficiency over the shearing period. Results indicated that the 
resistance to shear degradation increased with increasing polymer concentration.  
It was observed that, for fresh XG solutions (t = 0), the extent of DR increased from 26% to 
45% by increasing XG concentration from 100 wppm to 1000 wppm. DR results also showed that 
at the studied concentrations, the DR efficiencies were well below the MDR. It was observed that 
all XG solutions exhibited high shear resistance to mechanical degradation. At the end of the 
shearing period (t = 120 min), DRt=120/DRmax values for 300, 600, and 1000 wppm solutions were 
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0.85, 087, and 0.97, respectively. These values were higher than the values obtained for HPAM 
solutions (DRt=120/DRmax= 0.72 for 1000 wppm HPAM), indicating that XG solutions were more 
resistant to shear degradation. 
The extents of DR for GG solutions were much lower than HPAM and XG solutions. At 
concentrations below 1000 wppm, the solutions behaved like Newtonian fluids and the DR 
efficiency was negligible (DR < 1% for 500 wppm GG). As mentioned earlier GG is not a 
flexible molecule and the extent of drag reduction depends only on concentration and molecular 
weight of the polymer and drag reduction occurs as a result of the interactions of polymer 
networks with turbulent flow [34, 51, 52]. The first critical overlap concentration for GG solution 
was measured to be 720 wppm, which is much greater than the critical concentrations of XG and 
HPAM (240 and 50 wppm, respectively). This implied that in order for GG to be an effective 
friction reducer, the required polymer concentration should be greater than the concentration 
required for XG or HPAM.  
Due to small molar mass and low flexibility, GG did not exhibit good drag reduction 
properties (contrary to XG and HPAM), therefore, the presence of GG did not improve the DR 
behavior of the HPAM/GG binary solutions. 
Mixed HPAM/XG solutions (C < 300 wppm) initially exhibited greater DR (40% and 55%) 
compared to XG, but due to shear degradation, DR% declined for HPAM/XG solutions. 
Compared to 200 wppm HPAM solution, addition of XG did not improve the drag reduction 
efficiency of HPAM/XG mixed solutions. Though, XG slightly improved the resistance against 
mechanical degradation in HPAM/XG mixed polymer solutions. But in concentrated HPAM/XG 
solutions (C > 300 wppm), where concentration of XG was above critical overlap concentration, 
addition of XG significantly improved DR efficiency. It was found that the binary solutions 
demonstrated greater DR efficiency than either 600 wppm XG or 150 wppm HPAM solutions 
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(identical polymer concentration). According to the results, binary HPAM/XG solutions exhibited 
relatively high shear resistance. The DRt=120/DRmax values for binary HPAM/XG solutions were 
0.88 and 0.82, which were close to 0.85 for 600 wppm XG solution. The greatest shear resistance 
belonged to 150 wppm HPAM+500 wppm XG (DRt=120/DRmax = 0.88) among the studied 
polymer solutions. Although the concentrations of XG in HPAM/XG solutions were smaller than 
in 600 wppm XG solution, both binary solutions exhibited similar or even better shear 
resistances. 
Effect of salinity on the DR behavior of polymer solutions was investigated. It was observed 
that as a result of repulsive forces exerted by salt ions, the DR reduction efficiency of HPAM 
solutions were suppressed drastically. It was also found that increasing HPAM concentration (up 
to 1000 wppm) did not improve the extent of DR. Investigation of the DR behavior of XG in 
saline solutions showed that presence of salt did not have as significant effect as it had on HPAM 
molecules. Therefore, binary HPAM/XG/salt solutions were prepared and the extent of DR was 
measured. It was found that binary HPAM/XG/salt solutions exhibited greater DR efficiencies 
than 1000 wppm HPAM/salt solution, indicating that presence of XG in the solution reduced the 
negative effect of salt ions on charged HPAM molecules. 
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APPENDICES 
 
The shear stress versus shear rate profiles of HPAM solutions is displayed in Fig a. 
	
Fig  a. Shear stress vs. shear rate profiles of HPAM solutions 
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Shear stress profiles of various concentrations of XG solutions are displayed in Fig b. 
	
Fig  b. Shear stress vs. shear rate profiles of XG solutions	
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Shear stress profiles of various concentrations of GG solutions are displayed in Fig c.  
 
	
Fig  c. Shear stress vs. shear rate profiles of GG solutions 
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Fig  d. Loss modulus (G”) for various concentrations of GG solutions
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